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Abstract

:

Accurate meteorological estimates are critical for process-based hydrological simulation and prediction. This presents a significant challenge in mountainous Asia where in situ meteorological stations are limited and major river basins cross international borders. In this context, remotely sensed and model-derived meteorological estimates are often necessary inputs for distributed hydrological analysis. However, these datasets are difficult to evaluate on account of limited access to ground data. In this case, the implications of uncertainty associated with precipitation forcing for hydrological simulations is explored by driving the South Asia Land Data Assimilation System (South Asia LDAS) using a range of meteorological forcing products. MERRA2, GDAS, and CHIRPS produce a wide range of estimates for rainfall, which causes a widespread simulated streamflow and evapotranspiration. A combination of satellite-derived and limited in situ data are applied to evaluate model simulations and, by extension, to constrain the estimates of precipitation. The results show that available gridded precipitation estimates based on in situ data may systematically underestimate precipitation in mountainous regions and that performance of gridded satellite-derived or modeled precipitation estimates varies systematically across the region. Since no station-based data or product including station data is satisfactory everywhere, our results suggest that the evaluation of the hydrological simulation of streamflow and ET can be used as an indirect evaluation of precipitation forcing based on ground-based products or in-situ data. South Asia LDAS produces reasonable evapotranspiration and streamflow when forced with appropriate meteorological forcing and the choice of meteorological forcing should be made based on the geographical location as well as on the purpose of the simulations.
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1. Introduction


There is a pressing need for objective, reliable, and physically consistent information on the variability in water resources across South Asia. This is particularly true for transboundary hydrological basins that have headwaters in the Hindu Kush-Himalaya (HKH) mountain belt. These mountains give rise to some of the longest rivers of the world and these rivers, in turn, provide water resources to hundreds of millions of people spread across numerous countries. Meteorological and hydrological conditions in the mountains themselves, however, are poorly monitored due to their forbidding terrain, small human populations, and insufficient financial support. The scientific community is in agreement about the lack of knowledge of the magnitude and distribution of high altitude precipitation [1,2,3,4,5,6]. As a result, hydrological monitoring and prediction in these critical river basins is fraught with uncertainty, which poses challenges to cooperative transboundary management, flood warnings, preparedness activities, and projections of hydrologic change under global warming and upstream development. Furthermore, climate change increases the uncertainty, intensity, and the frequency of hydrological extremes [7,8].



These challenges have inspired efforts to improve hydrological monitoring and prediction through data sharing initiatives, satellite remote sensing [9,10,11,12,13], and the application of both global and locally-customized hydrological models to the region [14,15,16,17,18,19,20,21,22,23,24] including a special emphasis on South India [25].



The South Asia Land Data Assimilation System (South Asia LDAS) is a collaborative modeling initiative that is representative of these efforts. South Asia LDAS consists of a suite of advanced Land Surface Models (LSM) implemented at a 5-km horizontal resolution for fully distributed hydrological simulations across all of South Asia. The system, which is built on the NASA Land Information System (LIS) [26] software platform, merges models with satellite data, as remotely sensed observations are applied as meteorological forcing data (e.g., satellite-derived precipitation estimates), land surface parameters (e.g., land cover and vegetation fraction), and, in some instances, update observations in hydrological data assimilation (e.g., satellite-derived snow cover observations). The system was developed cooperatively by multiple institutions and will be operationally housed at the International Center for Integrated Mountain Development (ICIMOD), which is located in Kathmandu, Nepal. Specific application areas for South Asia LDAS include drought monitoring, flood prediction, and analysis of hydrological variability and trends.



Like other efforts at hydrological analysis in the region, South Asia LDAS is susceptible to uncertainty due to uncertainty in meteorological monitoring products especially in the HKH mountains. Meteorological forcing is known to be a leading source of uncertainty in LSM simulations [27,28] and the problem is particularly severe in the HKH. While one could attempt to calibrate hydrological models to force hydrological predictions to be reasonable even when meteorological fields are biased, this form of calibration risks producing a modeling system that is tuned to match an output of interest but that is not physically meaningful. This limits generalizability, confidence in non-calibrated output variables, and applicability of the system when confronted with extremes outside the historic record or with the need to simulate climate or development scenarios.



Recognizing this challenge, we evaluated precipitation datasets themselves against available observations. We also examined LSM predictions including evapotranspiration and streamflow in order to assess the impact that precipitation forcing has on the realism of hydrological simulation. The purpose of these evaluations is to examine the potential for hydrological modelling and its evaluation for providing an indirect evaluation of precipitation forcing, which is particularly useful for a region in which no existing precipitation forcing datasets are satisfactory everywhere. Consequently, South Asia LDAS can be used more judiciously for hydrologic monitoring and forecast by choosing an appropriate precipitation dataset as a forcing for targeted geographic region. We considered simulations with only one LSM and without active data assimilation. The results, therefore, should not be interpreted as a complete or optimized hydrological re-analysis but as a study of how one advanced LSM responds to different precipitation forcing in this region. The spatial domain of simulation covers 6°N–40°N and 60°E–100°E. Even though the South Asia LDAS includes a large area that includes much of Afghanistan, the Tibetan Plateau, China, and Myanmar, we focus our analysis on transboundary rivers that originate in the HKH and flow south.




2. Methods


2.1. Datasets


Observed Precipitation data: Gridded precipitation estimates are available for the study region through the activities of the Asian Precipitation—Highly Resolved Observational Data Integration Towards Evaluation of Water Resources (APHRODITE) project [29]. The APHRODITE product has previously been applied successfully in studies of precipitation variability over South Asian countries including the mountainous regions [30,31]. Since it is a robustly evaluated gauge-based product, we apply it in this study as the closest approximation of a ground-based gridded product that can be used to evaluate the precipitation from Climate Hazards Group InfraRed Precipitation with Station data (CHIRPS), the NASA Modern-Era Retrospective analysis for Research, and Applications version 2 (MERRA2), and the Global Data Assimilation System (GDAS). We use the dataset at 0.25° spatial resolution for the time period between 2001–2007, the period of overlap between all products applied in this study: GDAS [32], MERRA2 [33], and CHIRPS [34].



In addition to a comparison with gridded precipitation estimates from APHRODITE, we perform point-by-point comparisons with monthly accumulated meteorological station precipitation data from Pakistan, Nepal, Bangladesh, and Bhutan. These data were aggregated from stations maintained by the Hindukush-Himalayas Hydrological Cycle Observing System (HKH-HYCOS) program at ICIMOD. Most of these stations use tipping bucket to measure rainfall. Data are used here for the period between 2012 and 2017.



Other sources of precipitation and meteorological data: Gridded sub-daily meteorological fields including air temperature were extracted from one operational weather product (GDAS) and one research grade reanalysis system (MERRA2). In addition, we made use of daily precipitation estimates from the satellite-derived CHIRPS product as supplementary forcing for LSM simulations. GDAS assimilates surface observations, balloon data, wind profiler data, aircraft reports, buoy observations, and satellite observations. It is primarily used by the NCEP global forecast system model. It is available since 2001 to present at a variable spatial resolution: 1° at the beginning of the period, which increased to 0.25° in recent years. Kumar et al. [35] compared the GDAS/GFS air temperature with WRF and found fewer errors in GDAS/GFS. Shah and Mishra [36] have successfully used GDAS/GFS temperature and precipitation products for real-time drought monitoring across India.



MERRA2 is the most recent reanalysis product produced by the NASA Global Modeling and Assimilation Office. Compared to the previous version of MERRA [33,37], MERRA2 introduced the assimilation of modern hyperspectral radiance, microwave observations, and GPS-Radio Occultation datasets. It also makes use of NASA ozone observations. The GEOS-5 model and assimilation systems have also been improved relative to the original MERRA product. MERRA2 surface fields are available hourly at 50 km resolution for the time period from 1980 to the present. Ghatak et al. [38] found satisfactory results when comparing air temperature from MERRA with station observations over India. In this study, we use both the final MERRA2 precipitation fields, which include a correction using the in situ data, and the “uncorrected” MERRA2 product that does not include post hoc correction for surface fields.



CHIRPS is a quasi-global rainfall dataset, which is available for the time period from 1981 to the present [34]. It produces gridded rainfall estimates from geostationary infrared satellite imagery with calibration against active radar satellite systems and correction to in situ meteorological station observations. When applied as LSM forcing, CHIRPS daily rainfall estimates are disaggregated to 3 hourly estimates based on diurnal precipitation variability in MERRA2.



The three datasets applied in this study known as GDAS, MERRA2, and CHIRPS are not intended to be an exhaustive or even a regionally optimized selection of available products. Rather, they are examples of three systematically different approaches to generating quasi-global meteorological estimates suitable for distributed hydrological simulation.



Evapotranspiration data: In situ observations of evapotranspiration are difficult to obtain in the study region and they are almost completely absent at a high elevation. Nevertheless, evapotranspiration is a useful variable to consider when evaluating fully distributed hydrological simulations. It is a predicted variable, it is temporally and spatially variable, and, unlike streamflow, it is a distributed rather than basin-integrated measure of the water balance. For this reason, we employ the Atmosphere-Land Exchange Inverse Model (ALEXI) [39,40,41,42] estimates of weekly total evapotranspiration as an independent point of comparison for LSM simulations. ALEXI derives surface turbulent heat flux estimates on the basis of a two-source land surface model coupled with a one-dimensional boundary layer model. ALEXI uses time-differential measurements of a morning land surface temperature rise to diagnose the partitioning of available energy into sensible, latent, and ground heat flux components [42]. For this application, we use the global ALEXI product using Clouds and the Earth’s Radiant Energy System (CERES) insolation, which is available at 5 km resolution for the period from 2003 to the present. We interpret comparisons between LSM simulations and ALEXI with caution. ALEXI is based on observations in that it is a satellite-derived product, but the product has not been robustly evaluated in the study region and may include significant uncertainties. For this reason, we use ALEXI for independent “comparison” purposes and not for literal evaluation of LSM simulated fluxes.



Streamflow data: Daily stream flow data from the river Indus and its tributaries are used to compare the model and observed stream flow for the year 2014. These data are available at the Indus River System Authority (http://www.pakirsa.gov.pk/) but is compiled by the University of Washington SASWE research group. Daily observed stream flow data for the time period between 1977 and 2010 has also been acquired from the ICIMOD Kosi Basin Program for a site at Chatara on the Kosi River in Nepal. This is another transboundary river basin that shares water between Tibet, India, and Nepal. Notably, this river basin includes the highest peak in the world, which makes it a prime example of the large altitudinal gradients found in the region.



Water height data: Recognizing the limited availability of in situ stream gauge data, we also use water height data derived from satellite altimetry. Satellite altimetry data from Jason 2 over the Indus basin is available to download from the HYDROWEB website (http://hydroweb.theia-land.fr/). Data are used for four sites (geographical locations are shown in map 7b) from the Indus basin for the time period between 2008 and 2015. The altimetry records represent instantaneous measurements of the Earth’s surface height corresponding to a specified reference ellipsoid.



Definition of River Basins: HydroSHEDS (Hydrological data and maps based on SHuttle Elevation Derivatives at multiple Scales) provides geo-referenced data on the watershed and other hydrographic information [43]. These datasets were applied to determine the boundaries of watersheds and river basins evaluated in the study.




2.2. Model


The Noah Land Surface Model, v3.3 (hereafter “Noah”) [44] was implemented for 10-km horizontal resolution simulations for a domain that includes all of South Asia. The model time step is 30 min. All simulations were performed in the LIS version 7 software framework.



Two simulations (Table 1) use meteorological forcing from MERRA2 where one of them uses precipitation from MERRA2 corrected precipitation (will be indicated as ‘MERRA2-C’) and the other uses MERRA2 uncorrected precipitation (will be indicated as ‘MERRA2-UC’) for the period from 1980 to 2016. We performed another simulation (Table 1) with MERRA2 meteorological forcing with precipitation from CHIRPS for the period between 1981 and 2016. Two additional simulations are performed for a shorter time domain of 2001 to 2016 with meteorological forcing from GDAS where one uses precipitation from GDAS and the other uses precipitation from CHIRPS (Table 1). All these simulations had a spin-up for the full time domain and have accounted for irrigation using a simple “flood” irrigation algorithm described in previous studies. Irrigation is triggered once the root zone soil moisture state drops below a threshold with respect to the wilting point [45,46,47]. Water is then added to the root zone until the top layer is saturated and saturation is sustained for 30 min.



All simulations used MODIS-derived land cover, vegetation parameters, and gridded soil property estimates from FAO [48]. The Hydrological Modeling and Analysis Platform (HyMAP) routing module was used to simulate river flow [49]. HyMAP introduces time delays for both runoff and baseflow and includes the formulations to model the interaction between rivers and floodplains. It also takes into account the floodplain water flow among the grid cells and evaporation from the open water. The runoff and baseflow are routed through the kinematic wave formulation.



Noah simulations were compared to each other and to independent datasets using standard statistical measures including the root mean square error (RMSE), Nash-Sutcliffe Efficiency (NSE), the absolute and relative bias, and linear correlation coefficients.





3. Results & Discussion


3.1. Meteorological Forcing


First, we examine differences between the key meteorological forcing variable known as precipitation. For the precipitation comparison, we examine the four unique precipitation data sources (CHIRPS, GDAS, MERRA2-C, and MERRA2-UC) and consider their performance relative to the APHRODITE gauge-based product. All four products capture the general spatial distribution of the annual average precipitation (Supplementary Figure S1) with maxima in the high altitude HKH and in the humid eastern portion of the domain. There are, however, substantial quantitative differences between products, which is clear when we map the relative bias measured against APHRODITE (Figure 1).



CHIRPS provides reasonably good visual agreement with APHRODITE for the mean annual precipitation (Figure 1a) where relative bias is within ±25% over large portions of the domain. There is an apparent wet bias (relative to APHRODITE) in the Tibetan Plateau and in portions of Afghanistan. The only strong negative bias (drier than APHRODITE, 50% to 70%) in CHIRPS is over part of Kashmir and Himachal Pradesh (parts of northern India). GDAS, in comparison, shows substantial relative bias to APHRODITE over higher altitude regions of the study area. Very high positive bias (wetter than APHRODITE, greater than 50%) is found over Karakoram, Pamir, portions of the Central and Eastern Himalayas and over the South-Eastern part of the Deccan Plateau and the Eastern Ghats in peninsular India. MERRA2-C shows the best visual agreement with APHRODITE over most of the study domain with biases within 25%. Exceptions are isolated areas of the wet bias in the Western Ghats of India. MERRA2-UC shows a widespread relative bias greater than 100% (wetter than APHRODITE) over the high mountainous part of the Himalayas, Karakoram, and over the Deccan Plateau. In summary, high altitude areas of the mountain chain in the north and the plateau in the south are the sources of major discrepancy. According to this analysis, then, CHIRPS and MERRA2-C have a much lower precipitation bias relative to APHRODITE than do GDAS or, even more so, MERRA2-UC. We have also provided the RMSE value and correlation coefficient at each grid cell between APHRODITE and our four precipitation forcing datasets (see Figure 2 and Figure 3). The spatial pattern of RMSE generally reinforces the relative bias analysis (see Figure 1 and Figure 2). Correlation analysis suggests a maximum spatially widespread positive correlation between APHRODITE and MERRA2-C (Figure 3).



We emphasize that the comparison with APHRODITE does not represent a perfect ground truth. APHRODITE is gauge-based, but, over large areas, it relies on interpolation due to a lack of meteorological station coverage. This absence of data is particularly severe over the west Tibetan Plateau and at high elevations. Furthermore, APHRODITE precipitation is extremely underestimated over higher altitudes, which is shown by Reference [50] using glacier mass balance over the upper Indus basin. On average, actual precipitation is twice that and, in extreme cases, it is a factor of 10 higher than the APHRODITE interpolated value [50]. There has been no similar study of APHRODITE across the entire domain considered in this study, but the results of Immerzeel et al. [50] suggests that there is a potential for a dry bias at high elevations that might also affect the product over other parts of the mountainous region. Comparisons of model and satellite products against APHRODITE, then, are not a definitive evaluation in the data poor but are hydrologically critical headwater regions of the HKH.



To complement the APHRODITE analysis, we perform point checks using monthly accumulated precipitation records obtained from 34 meteorological stations spread across Pakistan, Nepal, Bhutan, and Bangladesh (Figure 4 and Supplementary Table S1). Consistent with the APHRODITE result, CHIRPS and MERRA2-C appeared to perform best across these stations. Average RMSE in monthly rainfall across all stations over this period was 114.1 mm for MERRA2-C and 119.3 mm for CHIRPS while it was 169.9 mm for GDAS and 289.0 mm for MERRA2-UC. For this cross-station evaluation, we used all available data. Since some stations have more missing data than others, the exact RMSE values might not reflect the true average performance for a common period. To address this limitation, RMSE for individual stations for each of the simulations are provided in Supplementary Table S1. This table shows that CHIRPS provided the lowest RMSE at 14 stations with particularly good performance in Bangladesh while MERRA2-C performed best at 16 stations with very strong performance in Pakistan. Please note that the values extracted from a gridded product may not give ideal representation of precipitation recorded at a weather station. Strong performance of both CHIRPS and MERRA2-C relative to GDAS and MERRA2-UC is not particularly surprising since both CHIRPS and MERRA2-C include a correction to the in situ station data. Stations incorporated to APHRODITE might also be used by these other products. Our understanding is that the station data used in our point comparisons are not included in either product since they are tipping bucket gauges maintained by the HKH-HYCOS program that do not participate in standard data aggregation programs.




3.2. Evapotranspiration


Climatology of annual evapotranspiration (ET) in each simulation as well as in ALEXI is mapped in Supplementary Figure S2. Note that the Indus valley and the lower Ganges-Brahmaputra river basin show high annual ET and mountainous regions of the north of the domain exhibit low ET. Next, we compared climatology of the annual simulated ET to ALEXI through a relative bias (Figure 5). We emphasize that these comparisons do not represent a definitive evaluation since ALEXI may have its own uncharacterized biases in this region. For example, we see systematic differences between all five Noah simulations and ALEXI on the Deccan Plateau and Aravalli Mountains of India (simulated ET higher than ALEXI ET) and in the mountainous region of Suleiman in Pakistan (simulated ET lower than ALEXI ET). This could be due to Noah errors, but the fact that all simulations differ from ALEXI in the same direction in these regions suggests that ALEXI might be encountering biases on these topographic features. Nevertheless, while we do not have quantitative evaluations of ALEXI in this region, numerous evaluation studies from diverse climate zones around the world have found ALEXI biases to be on the order of 10% or smaller. Therefore, outside of specific, localized artifacts, we expect that ALEXI estimates are reasonably reliable and that large deviations from ALEXI are indications of the model error. For example, while all simulations show some difference from ALEXI in the heart of the Deccan Plateau, MERRA2-UC shows widespread and large positive bias (greater than 75%, more ET in the model compared to ALEXI) over much of the peninsular India. This mirrors the MERRA2-UC precipitation field (relative bias as in Figure 1). This high ET relative to other simulations and ALEXI provides further evidence suggesting that MERRA2-UC has a wet bias in this region.



Figure 5 also shows that a greater than 50% negative bias (less ET in model) is found over the Karakoram and over the Tibetan Plateau in GDAS-CHIRPS, MERRA2-CHIRPS, and MERRA2-C. In other words, the model forced with precipitation from CHIRPS and MERRA2-C has less ET than estimated by ALEXI. In this case, ALEXI bias cannot be ruled out. Nevertheless, the significant underestimate of ET in simulations relative to ALEXI suggests that these simulations might have a low bias in precipitation. Precipitation comparisons with APHRODITE (Figure 1) do not fully corroborate this interpretation, but it is possible that APHRODITE itself underestimates precipitation in this high altitude, poorly instrumented region. The low ET bias shown in Figure 5, then, would provide additional evidence that CHIRPS and MERRA2-C underestimate precipitation and ET in the Karakorum and Tibet.




3.3. Basin Scale Analysis


3.3.1. Precipitation and ET


Figure 6 shows the time series of annual total precipitation and total ET for the whole Indus River basin. Figure 6 also shows the same for a Nepalese portion of the Kosi River basin and Supplementary Figure S3 shows the same for the upper Indus basin. Figure 6 and Supplementary Figure S3 are consistent with Figure 1 and Figure 5 and suggest that the MERRA2-UC and MERRA2-C precipitation fall on the wet and dry side of the spectrum, respectively. At the same time, simulated ET is generally lower than ALEXI ET. The upper Indus basin is less affected by the irrigation practices than the lower part of the basin. However, the general picture holds true in both cases if the ET estimate is reliable. The precipitation products that match APHRODITE in these basins might actually underestimate total precipitation due to a dry bias in high elevation regions while the products that “overestimate” relative to APHRODITE might actually provide a more accurate estimate of total precipitation input to the basin. It also implies that all simulations underestimate ET from irrigation relative to ALEXI, which is not surprising considering that irrigation is simulated in an idealized demand-driven manner that does not account for off-field losses or other inefficiencies. We have also shown similar analyses for two river basins in South India known as the Tapti and Godavari (Supplementary Figure S4). These results are consistent with Figure 1 and Figure 5 showing that precipitation and ET from the model output overestimate observed precipitation from APHRODITE and ALEXI ET.




3.3.2. Streamflow


Our evaluation of simulated streamflow focuses on two river basins: the Indus River basin in the Western Himalaya (Indus) and the Kosi River basin in the Central Himalaya. The Indus is by far the larger and more extensively regulated river system. For this reason, we distinguish between upstream gauge locations that are less impacted by human activities and downstream locations that are heavily impacted by upstream regulation. We define Tarbela, Kalabagh, and Chasma sites on the main stem Indus, Mangla on the Jhelum River, and Marala on the Chenab River as the five upstream sites (Figure 7).



Streamflow data for these sites could only be obtained for the year 2014. As shown in Figure 1, MERRA2-UC and GDAS both systematically overestimate precipitation in the Indus basin relative to APHRODITE. In Figure 8 and Figure 9, we see that these products also lead to overestimates of streamflow at upstream Indus sites relative to the gauge record. However, the precipitation products that appeared to be more accurate when compared to both APHRODITE and point records of gauged precipitation (CHIRPS and MERRA-C) lead to dramatic underestimation of streamflow at these sites when applied as forcing to Noah with the HyMAP. This dataset includes daily streamflow from the year 2014, which was marked by a devastating flood due to intense rainfall over the Kashmir area and over the eastern side of Pakistan (mainly upstream areas of left-hand side tributaries of Indus). Thus, the affected area overlaps our study locations of Mangla and Marala. Day-to-day streamflow of tributaries of Indus clearly shows that the flood event is well captured by the model at Mangla and at Marala. Peak modeled streamflow is apparent in the month of September on the same day when observed peak streamflow occurred. However, observed streamflow is mostly underestimated by the model.



These performance patterns are reflected in the statistics of model performance at these gauge locations. The simulation that uses GDAS forcing has the lowest RMSE at all five sites (Table 2). NSE scores are highly varied between simulations and across sites, but GDAS has the highest values—albeit sometimes quite low in absolute terms—for all five sites.



Consistent with these results, the GDAS simulation shows the strongest correlation with daily streamflow at upstream gauge locations (Figure 10). MERRA2-UC also shows high correlations, which are sometimes even higher than GDAS due to the fact that it captures seasonality better than the drier simulations do. Interestingly, GDAS and MERRA2-UC simulations also show a high correlation with daily gauged discharge at downstream sites on the Indus River—Taunsa, Guddu, Sukkur, and Kotri—where we know that flow is altered by extensive upstream management. The ability of the wetter simulations to capture seasonality drives these relatively high correlations. Similar results are seen for correlation between simulated streamflow and water height at altimetry locations in the lower Indus River basin (Table 3).



Like the Indus river, the Kosi is a trans-boundary river. The basin is considerably smaller than the Indus, but topography is even more extreme and complex. In this basin, we had access to only one river gauge (at Chatara, in Nepal), but the time period was much longer and included our entire simulation record. Consistent with previously presented results, MERRA2-UC is the wettest streamflow simulation and MERRA2-C yields the driest streamflow. GDAS and CHIRPS are intermediate. In this basin, those two products provide the best visual match to the gauge record (Figure 11), which is the closest match to the duration curve (Figure 12) and the lowest RMSE for daily streamflow variability (Table 4). Correlations with observed daily streamflow are quite high for all simulations (Table 4) since all simulations capture the seasonal cycle of streamflow in this basin. On interannual timescales, GDAS provides the highest correlation and CHIRPS provides the lowest RMSE for the monsoon season (Table 5), but correlation coefficients are generally low for all simulations. This could simply be the product of a short period of analysis and a relatively low inter-annual variability in that period.



In the Indus river basin, the drier products such as MERRA2-C and CHIRPS and in the Kosi river basin MERRA-C fail even to capture the dominant seasonality of flow due to a low, event-dominated hydrograph through the monsoon season. Clearly, several factors could contribute to this result including errors in Noah’s partitioning of available water between ET and runoff. However, the fact that simulations with these precipitation datasets underestimate ET relative to ALEXI and river flow relative to gauge records strongly implies that the precipitation records that include station observations have a tendency towards a dry bias over some regions despite their agreement with available in situ records and APHRODITE.



Figure 13 shows the water balance of the Indus and Kosi river basins. In the Indus river, irrigation water added in the lower portion of the basin elevate total ET to the point that MERRA2-C and CHIRPS ET exceeds precipitation in the basin. Interestingly, the amount of irrigation water applied (yellow bars) does not correlate with precipitation (blue bars). One might expect that simulations with less precipitation require more irrigation, but, in this case, the precipitation total is dominated by the headwaters region while the irrigation signal comes from the lower basin. Therefore, there is no direct relationship between the two. Irrigation applications are higher in simulations with MERRA2-C and CHIRPS show ET higher than the precipitation due to the added water from irrigation over the Indus basin. The Kosi River basin upstream of our gauge site contains almost no irrigation. This makes it possible to calculate a natural runoff ratio in both observations using APHRODITE precipitation and gauged streamflow and in our simulations. For the simulations, the basin average runoff ratio ranges from ~29% and ~65% across simulations while observations imply a 97% runoff ratio. Runoff coefficients vary considerably over the space and are difficult to measure. Therefore, it is difficult to make conclusions about model performance based on this range. However, a runoff coefficient of 97% for the entire Kosi basin upstream of the gauge site, as suggested by observations, seems highly unlikely. Runoff ratios can exceed 90% in some mountainous catchments e.g., [50], but a value as high as 97% over such an extensive catchment is not expected. The value is also inconsistent with satellite ET observations for the Kosi. This unrealistically high runoff ratio offers further evidence that APHRODITE suffers from a dry bias in HKH headwater regions.






4. Conclusions


We evaluate a suite of hydrologic simulations forced with different meteorological forcing by using Noah LSM coupled with a HyMAP routing module under the framework of South Asia LDAS. We evaluate precipitation forcing with observations and observation-based products. Furthermore, we evaluate modeled ET with ALEXI ET and modeled streamflow with observed streamflow and with satellite altimetry. We use meteorological forcing from GDAS, MERRA2-C, MERRA2-UC, and CHIRPS to examine the impact of multiple precipitation forcing datasets on the simulation of regional hydrology. These meteorological datasets are generated through systematically different approaches. GDAS is a global atmospheric analysis that includes data assimilation but does not apply a gauge correction to rainfall estimates. MERRA2 is a re-analysis that generates both uncorrected and gauge-corrected precipitation fields and CHIRPS is a satellite-derived rainfall product that diagnoses rainfall rather than simulating atmospheric dynamics. All three products are widely used in the scientific community.



High altitude regions of HKH and plateau areas of southern India exhibit major discrepancy between precipitation products and observations. Overall, MERRA2-C and CHIRPS show less relative bias compared with APHRODITE over the majority of the domain. This includes better agreement over the Indus and Kosi river basins where we focus our hydrological evaluation. As opposed to MERRA2-C, MERRA2-UC exhibits much higher precipitation than observed. GDAS falls in between these two extremes.



A comparison between modeled ET and ALEXI ET has been done for the whole domain and the evaluation of streamflow has been done at the basin-scale. Both of these evaluations suggest that South Asia LDAS does produce reasonably reliable hydrologic estimates when forced with appropriate meteorological forcing. The relative bias (positive/negative) of ET over a broad region of South Asia is less than 25%. However, total ET from all simulations over both Indus and Kosi river basins are lower than ALEXI ET. For streamflow, MERRA2-UC yielded overestimates of river discharge in both the Indus and Kosi river basins where MERRA2-C yielded underestimates. GDAS yielded streamflow estimates that were in between these extremes for both basins while CHIRPS yielded good agreement with observed streamflow for the Kosi river but led to low streamflow estimates in the Indus basin. Therefore, evaluation of satellite or model-derived precipitation products based on results of hydrological simulation, i.e., streamflow and ET, can differ from evaluations based on the direct comparison with in situ precipitation observations and products derived from in situ precipitation observations. This discrepancy suggests that APHRODITE does not offer a consistent ground truth over the HKH region especially over the western side. Our result is consistent with Immerzeel et al. [51] and extends the finding to a broader geographic extent. Furthermore, this study suggests that products such as MERRA2-C and CHIRPS, which include station data, may inherit a dry bias from observations.



In the complex, remote topography of the HKH and reliable in situ meteorological monitoring is an enormous challenge. This poses difficulties for hydrological modeling, but it also points to the potential value of physically-based hydrological models as proxy systems for evaluating precipitation datasets. While the interposition of a model adds considerable uncertainty to the evaluation, it also integrates spatially distributed, episodic, and often remote precipitation into variables like streamflow, which is more easily monitored, and ET, which can be estimated by complementary remote sensing techniques. In this way, the hydrologically-based evaluation can help constrain precipitation estimates and identify systematic bias in rainfall estimates over large areas that include the remote terrain.
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Figure 1. Relative bias (%) of climatology of annual precipitation based on the period from 2001 to 2007 between APHRODITE and (a) CHIRPS, (b) GDAS, (c) MERRA2-C, and (d) MERRA2-UC. The grey color indicates a region with no data. 
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Figure 2. RMSE of annual precipitation based on the period from 2001 to 2007 between APHRODITE and (a) CHIRPS, (b) GDAS, (c) MERRA2-C, and (d) MERRA2-UC. The grey color indicates a region with no data. 
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Figure 3. Pearson’s correlation coefficients between annual precipitation from APHRODITE and annual precipitation from (a) CHIRPS, (b) GDAS, (c) MERRA2-C, and (d) MERRA2-UC based on the period from 2001 to 2007. The correlation coefficient significant at the 5% confidence level is plotted here with a white line. The grey color indicates the region with no data. 
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Figure 4. The location of stations providing observational precipitation data from (top left) Nepal: B = Bahrabise, Bi = Busti, C = Chatara, D = Dhankuta, J = Jiri, L = Lukla, O = Okhaldhunga, Pw = Pachuwarghat, R = Rabuwabazar, T = Tumlingtar, t = Turkeghat, (top right) Bangladesh: B = Bhairab Bazar, C = Chatlaghat, K = Kurigram, L = Lalan Shah Bridge, S = Sirajganj, Sr = Srimangal, Sg = Sunamgunj, Z = Zakigunj, (bottom left) Pakistan: H = AWS-Gupis, A = AWS-Kalam, G = Ganish Bridge, H = HS-Gupis, A = HS-Kalam, L = Lower Dir, N = Nowshera, Z = Zulam and (bottom right) Bhutan: A = AWS-Trashi Yangtse, G = Gongrichu, K = Korilla, P = Pangbang, S = Sumpa, T = Trashi Yangtse, and U = Uzorong. 
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Figure 5. Relative bias of climatology of annual ET based on the period from 2003 to 2015 between ALEXI and model simulations with (a) GDAS, (b) GDAS-CHIRPS, (c) MERRA2-CHIRPS, (d) MERRA2-C, and (e) MERRA2-UC. The grey color indicates a region with no data. 
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Figure 6. Time series of annual precipitation (m3) (top-left) and annual ET (m3) (bottom-left) over the Indus river basin. Time series of annual precipitation (m3) (top-right) and annual ET (m3) (bottom-right) over the Kosi river basin. ET from ALEXI is used for an independent comparison with simulated ET using multiple meteorological forcing (GDAS, GDAS-CHIRPS, MERRA2-CHIRPS, MERRA2, and MERRA2-Uncorrected). 
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Figure 7. Location of observed streamflow from Indus and its tributaries (Top). Black-colored stations are from upstream locations along the Indus river, red-colored stations are from downstream locations along the Indus river, and blue-colored stations are along the tributaries of the Indus river. T = Tarbela, K = Kalabagh, C = Chasma, Mn = Mangla, Mr = Marala, Ta = Taunsa, G = Guddu, S = Sukkur, and Ko = Kotri. The location of the water height sites from altimetry is shown (bottom), which is the enlarged region shown in the black box in the top figure. 
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Figure 8. Comparison between the observed (black line) daily streamflow in 2014 and the modeled streamflow with meteorological forcing from GDAS-CHIRPS (Blue), GDAS(Red), MERRA2-C (grey), MERRA2-CHIRPS (green), MERRA2-UC (Orange) for Tarbela (top left), Kalabagh (middle left), and Chasma (bottom left). The same color scheme is used to plot the duration curve for the streamflow from multiple meteorological forcing for the same three stations (right column). Unit in y axis is cusecs and x axis is %. The duration curves show the probability that a given flow will be equaled or exceeded the percentage of time. 
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Figure 9. Same as in Figure 8 except for stations Mangla (top) and Marala (bottom). 
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Figure 10. The correlation coefficient between modeled streamflow and observed daily streamflow in 2014 for stations along the Indus river and its tributaries, which is shown in Figure 7. 
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Figure 11. Comparison between daily observed and model streamflow (m3/sec) at Chattara (Nepal). 
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Figure 12. Duration curve of streamflow at Chattara (Kosi river basin) from multiple simulations. Dataset from Figure 11 has been used to calculate the duration curve for this station. Unit in y axis is m3/sec and in x axis is %. The duration curves show the probability that a given flow will be equaled or exceeded the percentage of time. 
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Figure 13. Average annual precipitation (m3), average annual ET (m3), average annual runoff (surface and sub-surface) (m3), and average annual irrigated water (m3) are plotted from model simulations and from observations. The top bar graph is plotted for Indus and the bottom one is plotted for the Kosi river basin. 
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Table 1. Details about the model simulations used in this paper.
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	Simulation
	Resolution
	Period
	Land Surface Mode
	Base Meteorological Forcing
	Supplementary Precipitation





	MERRA2 with corrected Precipitation
	10 km
	1980–2016
	Noah3.3
	MERRA2
	MERRA2 Corrected Precipitation



	MERRA2 with uncorrected Precipitation
	10 km
	1980–2016
	Noah3.3
	MERRA2
	MERRA2 Uncorrected Precipitation



	MERRA2-CHIRPS
	10 km
	1981–2016
	Noah3.3
	MERRA2
	CHIRPS



	GDAS
	10 km
	2001–2016
	Noah3.3
	GDAS
	GDAS



	GDAS-CHIRPS
	10 km
	2001–2016
	Noah3.3
	GDAS
	CHIRPS
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Table 2. The root mean square error and the Nash-Sutcliffe efficiency coefficient between the model and the observed daily streamflow in 2014 over the Indus river basin (see Figure 4 and Table 1 for details about location and simulation).
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Indus Basin (Pakistan)

	
GDAS

	
MERRA2-UC

	
MERRA2-C

	
MERRA2-CHIRPS

	
GDAS-CHIRPS




	
RMSE

	
NSE

	
RMSE

	
NSE

	
RMSE

	
NSE

	
RMSE

	
NSE

	
RMSE

	
NSE






	
Tarbela

	
65,551.9

	
0.23

	
100,258

	
−0.81

	
99,109.7

	
−0.76

	
95,770.1

	
−0.65

	
96,550.9

	
−0.67




	
Mangla

	
31,559.0

	
0.26

	
32,221.8

	
0.23

	
51,251.6

	
−0.95

	
42,559.9

	
−0.34

	
42,141.3

	
−0.32




	
Marala

	
36,022.6

	
0.53

	
56,568.2

	
−0.15

	
54,894.9

	
−0.08

	
39,416.3

	
0.44

	
40,112.9

	
0.42




	
Kalabagh

	
91,768.7

	
−0.81

	
126,489

	
−2.45

	
110,799

	
−1.65

	
102,005

	
−1.24

	
104,433

	
−1.35




	
Chasma

	
91,374.9

	
−0.52

	
121,648

	
−1.69

	
112,319

	
−1.30

	
103,420

	
−0.95

	
106,488

	
−1.07
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Table 3. The Pearson correlation coefficient (R) between the water level height and the stream flow at four altimetry sites over the Indus river basin.






Table 3. The Pearson correlation coefficient (R) between the water level height and the stream flow at four altimetry sites over the Indus river basin.





	R
	GDAS
	GDAS-CHIRPS
	MERRA2-C
	MERRA2-UC
	MERRA2-CHIRPS





	Site 1
	0.84
	0.54
	0.65
	0.85
	0.53



	Site 2
	0.75
	0.49
	0.60
	0.80
	0.47



	Site 3
	0.71
	0.5
	0.57
	0.78
	0.49



	Site 4
	0.79
	0.6
	0.61
	0.8
	0.55
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Table 4. The Pearson correlation coefficient and the root mean square error between the daily model and the observed streamflow at Chattara (Nepal) (see Table 1 for details about simulation).






Table 4. The Pearson correlation coefficient and the root mean square error between the daily model and the observed streamflow at Chattara (Nepal) (see Table 1 for details about simulation).





	CHATTARA (Nepal)
	GDAS (2001–2010)
	GDAS-CHIRPS (2001–2010)
	MERRA2-C (2001–2010)
	MERRA2-UC (2001–2010)
	MERRA2-CHIRPS (2001–2010)





	R
	0.84
	0.83
	0.71
	0.88
	0.8



	RMSE
	970.003
	1083.23
	1864.18
	2587.80
	1149.37
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Table 5. The Pearson correlation coefficient and the root mean square error between the annual (monsoon season) model and the observed streamflow at Chattara (Nepal) (see Table 1 for details about simulation).






Table 5. The Pearson correlation coefficient and the root mean square error between the annual (monsoon season) model and the observed streamflow at Chattara (Nepal) (see Table 1 for details about simulation).





	CHATTARA (Nepal)
	GDAS (2001–2010)
	GDAS-CHIRPS (2001–2010)
	MERRA2-C (2001–2010)
	MERRA2-UC (2001–2010)
	MERRA2-CHIRPS (2001–2010)





	R (Monsoonal Average)
	0.38
	0.23
	−0.15
	0.25
	0.25



	RMSE (monsoon season only)
	1065.20
	767.806
	2750.17
	3284.07
	910.870
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